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Ruminococcus ﬂavefaciensThe cellulolytic bacterium Ruminococcus ﬂavefaciens of the herbivore rumen produces an elaborate
cellulosome system, anchored to the bacterial cell wall via the covalently bound scaffoldin ScaE.
Dockerin-bearing scaffoldins also bind to an autonomous cohesin of unknown function, called
cohesin G (CohG). Here, we demonstrate that CohG binds to the scaffoldin-borne dockerin in oppo-
site orientation on a distinct site, relative to that of ScaE. Based on these structural data, we propose
that the complexed dockerin is still available to bind ScaE on the cell surface. CohGmay thus serve as
a molecular shuttle for delivery of scaffoldins to the bacterial cell surface.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction from the rumen of herbivores [1] and has been identiﬁed as aRuminants comprise a signiﬁcant portion of our domesticated
animals and represent a major source of meat and milk products
consumed by humans. A consortium of different microbial groups
inhabits the rumen, and the microbes live in symbiotic relationship
with the host animal. Ruminococcus ﬂavefaciens was ﬁrst isolatedcore microbiome bacterial species [2]. As many as 117 strains of
R. ﬂavefaciens have been discovered to date [3,4]. R. ﬂavefaciens
converts the energy stored in plant biomass, composed mainly of
cellulose and hemicellulosic sugar polymers. The conversion
process to utilizable sugars is performed by these resident rumen
bacteria, which bear cell-surface cellulosomal complexes that can
efﬁciently degrade recalcitrant cellulose substrates.
The cellulosome is a large multienzyme complex produced by
selected anaerobic bacteria for the efﬁcient degradation of plant
cell-wall polysaccharides [5,6]. Cellulosomes are composed of
numerous kinds of structural scaffoldin subunits to which the enzy-
matic components are integrated by virtue of the high-afﬁnity inter-
modular cohesin–dockerin interactions. The scaffoldins usually
comprise numerous cohesin modules whereas each enzyme bears
a single dockerin. The ultimate architecture of the cellulosome is
determined by the modular content of the scaffoldins which can
integrate the dockerin-bearing enzymes, anchor to the cell surface
and bind selectively to carbohydrate substrates. The cohesin–
dockerin interaction mediates the tight binding of cellulosomal
Fig. 1. Schematic overview of modular interactions in the cellulosome system of R.
ﬂavefaciens strain FD-1. Standalone cohesin, CohG (cyan) – the topic of this
communication – interacts selectively with the dockerins of ScaF and ScaH, and the
XDoc dyads of ScaB and CttA but not with the XDoc of the cysteine peptidase-like
protein [20]. Likewise, CohE interacts with all of the latter dockerins/XDocs,
including the XDoc of the cysteine peptidase-like protein. The bulk of the
cellulosomal components (enzymes and peripheral scaffoldins ScaA and/or ScaC)
are incorporated into the ScaB cohesins.
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cellulosome attachment to the bacterial cell surface involves a
calcium-mediated protein–protein interaction between the dock-
erinmodule from the primary cellulosomal scaffoldin and a cohesin
module of a cell-surface anchoring scaffoldin [10].
Several cohesin–dockerin complex structures were determined
from Clostridium thermocellum, Clostridium cellulolyticum and
R. ﬂavefaciens [11]. The known interactions are divided into three
different types according to their primary and tertiary structures
[12–15]. The information regarding the classical type I cohesin–
dockerin interaction, which frequently involves enzyme-borne
dockerins, demonstrated that the 8-3-6-5 b-sheet of the cohesin
interacts predominantly with only one of the helices of the dock-
erin. Intriguingly, this interaction is characterized by a dual mode
of binding, whereby the cohesin can interact with either one of
the two dockerin helices [16]. Nevertheless, in type II and novel type
I cohesin–dockerin complexes from dockerins involved in
cell-surface binding, both dockerin helices participate in the bind-
ing, creating a single binding mode [12,13]. Similarly, in the type
III cohesin interaction from the R. ﬂavefaciens cell-surface binding
dockerin, both helices are involved in the binding [15].
The cellulosome system of R. ﬂavefaciens has been investigated
during the last decade [3,4,10,17]. It bears one of the most elabo-
rate complexes in the cellulosomal world. There are more than
triple the number of genes encoding for cellulosomal proteins in
R. ﬂavefaciens, compared to the cellulosome of the model bac-
terium, C. thermocellum [17]. Gene-clustering analysis of several
R. ﬂavefaciens strains revealed that the cellulosome system is gen-
erally composed of four major scaffoldin (Sca) subunits, ScaA, ScaB,
ScaC, ScaE and the cellulose-binding protein CttA [3,4]. The cellulo-
some complex of R. ﬂavefaciens strain FD-1 is anchored to the
cell surface via interaction between the dockerins of scaffoldins
ScaB, CttA, ScaH and ScaF to the cohesin (CohE) of the anchoring
scaffoldin ScaE, whereby ScaE is attached covalently to the
bacterial cell wall [18,19] (Fig. 1). Sequence data and structural
analysis have revealed that the dockerins of ScaB, CttA and a
cysteine peptidase-like scaffoldin [20] are different from the con-
ventional symmetric dockerins, described earlier. They possess
three insertions, one of which is positioned inside the second
calcium-binding loop [15]. These three enigmatic dockerin inserts
potentially serve as structural buttresses that support the extended
conformation of the X-module, which potentially plays a structural
role as a molecular spacer to facilitate binding of the bacterium to
the substrate [15,21].
Recently, a peculiar and very interesting open reading frame,
coding for only a signal peptide and an autonomous cohesin mod-
ule (i.e., technically not part of a scaffoldin), was identiﬁed by
bioinformatics analysis and termed CohG [22]. The structure of
CohG was recently determined and described [22]; however, the
interaction of the isolated cohesin module with various dockerins
and its function remained unknown. In the present communication
we shed light on the possible function of this unusual cohesin.
Biochemical evidence has shown that, like CohE, CohG binds
cellulosome-related proteins such as ScaB and the CttA scaffoldin
via their XDoc modular dyad. In this study the X-ray crystal
structure of CohG in complex with the X-dockerin dyad of the
CttA scaffoldin is reported and the possible biological signiﬁcances
are described.2. Materials and methods
2.1. Cloning of RfCohG and XDocCttA in expression vectors
The DNA encoding the cohesin module from the cohG scaffoldin
gene of R. ﬂavefaciens strain FD-1 (accession number ZP_06142108,residue numbers 26–218) was cloned into the pET28a expression
vector (Novagen, Madison, Wisconsin, USA) together with a
sequence encoding C-terminal hexahistidine (His) tag, as described
in the previous paper [22]. The pETDuetACYC plasmid with the
insert of XDoc dyad from the CttA scaffoldin gene of R. ﬂavefaciens
strain FD-1 (gi:268610848) lacking the sequence encoding a
hexa-His tag, was kindly supplied by Orly Salama-Alber [23]. The
resultant plasmids were sequenced by capillary electrophoresis
using a DNA analyzer (Applied Biosystems, Foster City, California,
USA) and were separately transferred into Escherichia coli strain
BL21 (DE3).
2.2. Expression and copuriﬁcation of the RfCohG–XDocCttA complex
Expression of the native CohG module (residues 30–230) from
R. ﬂavefaciens and of the XDoc dyad from CttA scaffoldin (residues
565–803) was performed according to the method described previ-
ously [22,24]. CohG and XDocCttA were expressed as described at
[23].
2.3. Displacement ELISA assay
The displacement ELISA assay [25] was modiﬁed for our needs,
as follows. The MaxiSorp ELISA plate (Nunc A/S, Roskilde,
Denmark) was coated with the XDocCttA in the concentration of
1 lg/ml in 0.1 M Na2CO3, pH 9, overnight at 4 C. Following coat-
ing, either the CBM-tagged CohG or the CBM-tagged CohE (both
cohesins were kindly supplied by Vered Ruimy, Weizmann
Institute, Israel) were added in the near saturation concentration
of 100 ng/ml, forming the cohesin–dockerin complex. Following
the washing of the non-bound proteins, blocking buffer (TBS,
10 mM CaCl2, 0.05% Tween20, 2% BSA) was added for 1 h
Table 1
Crystal parameters, data collection and reﬁnement statistics of the CohG:XDocCttA
complex. Values in parentheses are for the highest resolution shell.
X-ray source ESRF ID29
Wavelength (Å) 0.9725
Space group P21212
No. of crystals 1
No. of frames 150
Total rotation angle (o) 150
Unit-cell parameters
a (Å) 74.029
b (Å) 211.781
c (Å) 36.666
V (Å3) 574844.9
No. of molecules in asymmetric unit 1
Resolution range (Å) 50–1.79 (1.82–1.79)
Total No. of reﬂections 207617
Unique reﬂections 40761
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either CohE or CohG were diluted in blocking buffer to concentra-
tions of 4–4000 ng, and incubated for 1 h. The plates were washed
with wash buffer (blocking buffer without BSA) and anti-CBM anti-
body diluted 1:10000 in blocking buffer was added for 1 h incuba-
tion. Subsequently, HRP-labeled anti-rabbit antibody, diluted
1:10000 in blocking buffer, was added for an additional 1 h incuba-
tion. The plates were washed, and HRP substrate (TMB1
Substrate-Chromogen, Dako Corp., Carpinteria, CA) was added
(100 lL/well). Color formation was terminated with 50 lL/well of
1 M H2SO4, and absorbance was measured at 450 nm using a tun-
able microplate reader (Versamax, Molecular Devices, Inc., MDS
Analytical Technologies, Sunnyvale, CA). For the controls, the same
CohG or CohE was used, but connected to the His-tag label instead
of CBM-tag.Redundancy 4.2 (3.7)
Completeness 72.80 (37.0)
Mean I/r (I) 8.56 (1.85)
Rmerge
a 0.183 (0.333)
Overall average B factor (Å2) 36.4
No. of protein residues 415
No. of solvent atoms 332
No. of ligands 14
Rwork 0.1785 (0.3033)
Rfree 0.2227 (0.3067)
Geometry
RMSD bonds (Å) 0.016
RMSD angles (o) 1.54
Ramachandran favored (%) (goal > 98%) 97
Ramachandran outliers (%) (goal < 0.2%) 0.0
Rotamer outliers (goal < 1%) 2
Cb outliers (goal 0) 0
Clash coreb 3.90
a Rmerge = hkl i|Ii(hkl)  <I(hkl)>|/hkl iIi(hkl), where hkl denotes the sum over all
reﬂections and i the sum over all equivalent and symmetry related reﬂections.
b Clash core is the number of serious steric overlaps (>0.4 Å) per 1000 atoms.2.4. Crystallization, data collection and structure determination
Crystals were grown at 293 K by the hanging-drop
vapor-diffusion method [26]. The ﬁrst crystals appeared after sev-
eral days in condition No 37 of Crystal Screen kit from Hampton
Research, consisting of 0.1 M sodium acetate pH 4.6 and 8% (w/v)
polyethylene glycol 4000. The initial crystallization conditions
were further optimized, and the best crystals were obtained after
3 days in a 9 ll of CohG:XDocCttA solution (13 mg/ml) and 7 ll
reservoir solution of 0.1 M sodium acetate pH 5.0 and 6% (w/v)
polyethylene glycol 4000.
The crystals were harvested from the crystallization drop using
a MiTeGen micromount (http://www.mitegen.com) made of poly-
imide and transferred for several seconds into a cryostabilization
solution comprised of equal volumes of a twofold-concentrated
solution of the crystallization components and a solution consist-
ing of 18% (w/v) sucrose, 16% (w/v) glycerol, 16% (w/v) ethylene
glycol and 4% (w/v) glucose. For data collection, crystals were
mounted on the MiTeGen micromount, plunged into liquid nitro-
gen and placed in pucks for mounting at a synchrotron.
Diffraction data were collected on the beamline ID29 at the
European Synchrotron Radiation Facility (ESRF, Grenoble, France).
X-ray radiation of 0.9725 Å wavelength was determined by energy
scan, and a CCD ADSC detector was used.2.5. Structure determination and reﬁnement
The structure of the CohG:XDocCttA complex was determined by
two step molecular replacement (MR) employingMolrep [27] from
the CCP4 program suite [28].
In the ﬁrst step, the coordinates of CohG (PDB code 4NO2) [22]
were used as a search model for molecular replacement. The initial
coordinates were subjected to several rounds of restrained reﬁne-
ment of positional and thermal parameters using REFMAC5, fol-
lowed by manual building of the non-conserved side chains
using Coot [29].
In the second step, the obtained CohG coordinates were used as
a ﬁxed model, and the coordinates of XDocCttA (PDB code 4iu2 [15])
were used as a search model. The initial coordinates that were
obtained (including both CohG and XDocCttA) were subjected to
ARP/wARP [30] for model building, followed by further reﬁnement
with PHENIX [31] and manually rebuilt using Coot, until conver-
gence. The corresponding Rwork and Rfree factors for the models
were 0.1785 and 0.2227. The structures were validated using the
Molprobity suite [32] as implemented in PHENIX. The numerical
details concerning the reﬁnement of the structure are summarized
in Table 1. The reﬁned structure and the corresponding
structure-factor amplitudes have been deposited in the PDB with
accession code 4wkz.3. Results
3.1. Structure determination of the CohG:XDocCttA complex
The type III CohG:XDocCttA was determined by the molecular
replacement (MR) method, using CohG (4no2) [22] and XDocCttA
(4iu2) [15] as a combined search model. The crystals of the com-
plex belonged to the space group P21212, producing a single
CohG:XDocCttA complex in the unit cell. The CohG:XDocCttA com-
plex displays an elongated shape with overall dimensions of
27 Å  40 Å  115 Å. It includes residues 11–194 from CohG
(Chain B), residues 1–116 from the X module and residues 117–
237 from the dockerin module (Chain A) (Fig. 2A).
In the CohG:XDocCttA complex, the dockerin (residues 117–237
in chain A) ﬁts into the groove formed by the loop connecting
b-strand 5 with helix H3 and the loop connecting b-strand 7b with
b-strand 8. The dockerin module interacts with CohG through the
entire helix H1 (A133, L137, Y140, A141, A142, S144, T145,
D146), the second calcium-binding loop (K180, L197, R201), and
T152 from the loop between H1–H2 and A203 (Figs. 2B and 3).
CohG (residues 11–195 in chain B) interacts in complementary
fashion with the XDoc through the following residues: N64, M65,
H69, R86, V103, Q108, E109, F124, T126, M128, T165, L167 and
N173 (Figs. 2B and 3). The interactions are hydrogen bonds involv-
ing side chains, main-chain atoms as well as a number of
hydrophobic interactions. In addition there are aromatic interac-
tions between Y140 of the XDoc and F124 of the cohesin.
Comparison of the complexed versus free (4no2) CohG mole-
cule by structure superposition resulted in an RMSD of 0.36 Å on
151 atoms (of 179 atoms aligned). Noteworthy structural diver-
gence occurred in helix H1 of the complex, which moved 1.5 Å
Fig. 2. Differential binding characteristics of the type III CttA XDoc with CohG: and CohE. (A) The type III CohG (in cyan, left) folds into an elongated nine-stranded b-sandwich
in a classical jellyroll topology with prominent a helices H2 and H3, enveloped by extensive loops connecting strand 3 with H2 and strand 5 with H3. The dockerin (blue, left)
is the same as that of the CohE-based complex (blue, right) and is composed of ﬁve a-helices and two calcium-binding sites. The elongated X-module (magenta, right)
assumes the same conformation as in the RfCohE:XDocCttA and is composed of ﬁve b-strands. (B) Comparison of the interacting surface of the CttA dockerin (top left, blue)
with CohE (bottom, salmon) versus that of the same dockerin (top right) with CohG (bottom, cyan). The dockerin of the CohG complex (top right) binds along the entire helix
H1 and the loop connecting H2 and H3 to the 8-3-6-5 face of the CohG module. In contrast, in the CohE complex (left), the same dockerin binds along the entire length of both
the H1 and H3 helices to the 8-3-6-5 face of the CohE module. The interacting residues are presented as sticks. The residues that interact in both dockerin orientations are
colored yellow.
Fig. 3. Sequence alignments. (A) Sequence of DocCttA: residues involved directly in cohesin–dockerin binding. The residues of the dockerin responsible for binding to CohG are
highlighted in cyan. Dockerin residues responsible for binding to CohE are highlighted in salmon. Common residues of the dockerin responsible for CohG and CohE binding in
both dockerin orientations are highlighted in yellow. Calcium-binding residues (sidechain) are shown in blue font, and residues of a-helices are indicated in green. Ins1, Ins2
and Ins3 refer to the three inserts that disrupt the course of conventional dockerin sequences as described by Salama-Alber, et al. [15]. (B) Structure-based alignment of CohG
(PDB 4n2o) versus CohE (PDB 4iu3). Residues responsible for dockerin binding in CohG are highlighted in cyan. Residues responsible for dockerin binding in CohE are
highlighted in salmon. Residues at homologous positions in b-strands are indicated in blue, and residues of a-helices are indicated in green. Encircled residues, M128 of CohG
and L101 of CohE, overlap in the two structures, both of which form hydrophobic interactions with the same dockerin residues (highlighted in yellow in Fig. 2 Panel B).
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modular dyads from the CohG and CohE (4iu2) complexes showed
a nearly identical structure, with an overall RMSD of 0.46 Å.
3.2. XDocCttA complexes with CohG and CohE in an opposite binding
orientation
Whereas the structures of the XDocCttA in the two complexes
are essentially unchanged, their binding vis-à-vis the cohesin part-
ners is totally different. Upon aligning the complexes based on the
XDoc structures, we could make two important observations: (i)
CohG and CohE bind the dockerin module with opposite orienta-
tions and (ii) the two cohesins bind to separate regions of the dock-
erin surface. Speciﬁcally, the orientation of CohG in the
CohG:XDocCttA complex is rotated 180 compared to that of CohE
in the CohE:XDocCttA complex (Fig. 4). The opposite binding orien-
tation could perhaps be dictated by the different topologies of the
two different cohesin–dockerin binding surfaces [22]. In this con-
text, a protuberance on CohG projects 11 Å from the planar surface
of the 8-3-6-5 b-sheet (Fig. 4, colored light teal), whereas on CohE a
similar type of 11-Å projection is located in a different region of the
molecule (Fig. 4, colored brown).
XDocCttA binds CohG through residues located along the entire
length of helix H1 at the N-terminus and with the residues located
inside the second calcium-binding loop at the C-terminus of the
molecule, as mentioned above (Fig. 2B). This binding mechanism is
similar to that of the classical, enzyme-integrating type I complex,
where the cohesin comes into contact with the entire length of
one of the helices and only the C-terminus of the other helix, thereby
enabling a dual-binding mode. In the dual-binding mode, type I
dockerins can bind their cognate cohesin module either through
the analogous N- or C-terminal a-helices [16]. In contrast, XDocCttA
binds CohE through the entire helixH1 andH3 (Fig. 2B). This binding
mechanism is similar to that of both type II cell-anchoring cohesin–
dockerin complexes and the novel type I complexes, where both
dockerin helices contact the cohesin surface over their entire length
enabling a single-binding mode [12,13]. Thus, XDocCttA exhibits the
binding properties of both type I-like and type II-like dockerins,
depending on the nature of its cohesin counterpart (i.e., CohG and
CohE, respectively). The CohG:XDocCttA interface thus presents an
alternative-binding mode, compared to that of CohE:XDocCttA. It is
important to note that the evidence does not support a ‘‘dual’’ bind-
ing mode where a single cohesin can interact with a dockerin in 2Fig. 4. XDocCttA binds to both cohesins in inverted orientation. The orientation of the doc
complex with CohG (left, cyan) is rotated 180 compared to its complex with CohE (right
of CohG is colored light teal, and the protuberance of CohE is colored brown.opposite conformations, but an ‘‘alternative’’-binding mode
whereby one cohesin (i.e., CohG) binds a dockerin in one mode
whereas another cohesin (i.e., CohE) binds the same dockerin in
the oppositemode. Both of these cohesins seem to bind the dockerin
in a single-binding mode but of opposite conformation (Fig. 2A).
Regarding the second main observation, CohG and CohE occupy
discrete, near-exclusive binding regions on the dockerin surface
with only a limited overlapping area. The binding interfaces of
the two complexes are distinct, both with respect to area and num-
ber of contacts made. Analysis using the PISA server (http://www.
ebi.ac.uk/msd-srv/prot_int/pistart.html) [33], revealed that the
CohG:XDocCttA interface has a surface area of 884.9 Å2, and a total
of 12 possible hydrogen bonds, whereas the CohE:XDocCttA inter-
face is signiﬁcantly larger (1006.5 Å2, and comprises 12 hydrogen
bonds and 7 salt bridges.
Alignment of the complexes on the XDocCttA revealed that
among all residues that are responsible for dockerin binding of
the two cohesins, only amino acid residues M128 of CohG and
L101 of CohE aligned together (Fig. 5). Both M128 (CohG) and
L101 (CohE) interact with three hydrophobic residues on the dock-
erin, A133, L137 and A203 (Figs. 2B and 5, yellow sticks) that par-
ticipate in cohesin binding in both complexes. The apparent clash
between these cohesin-borne residues and their immediate sur-
roundings is sufﬁcient to prevent the two cohesins from binding
simultaneously to the same dockerin molecule.
3.3. CohG is displaced by CohE
Owing to the two different binding postures displayed by
XDocCttA vis-à-vis CohG and CohE, whereby the former attains a
type I-like binding conformation whereas the latter resembles type
II, it was of interest to examine whether the XDoc would show a
preference for one of the cohesins. Toward this end, the two com-
plexes were challenged with the opponent cohesin and the interac-
tion was assessed using a competitive displacement-ELISA protocol
as described in Section 2.3 [25]. The results indicated that CohG is
displaced by CohE from the CohG:XDocCttA complex, but not the
opposite (Fig. 6). While XDocCttA binds to CohG, its binding is dis-
placed in the presence of CohE. However, upon binding of
XDocCttA to CohE, the complex remains intact. This preference for
CohE over CohG may perhaps be attributed to the differences in
the features of their respective XDocCttA interfaces with regard to
both area and contact residues.kerin (cartoon representation, rainbow colored, red to blue from N to C terminus) in
, salmon). The cohesins of the complexes are aligned in the ﬁgure. The protuberance
Fig. 5. Alternative-binding mechanism of CohG versus CohE for the CttA XDoc. (A) Superposition of XDocCttA of the respective CohG (cyan) and CohE (salmon) complexes. (B)
Detail of area within the white square of A, with CohG and CohE portions colored accordingly, and aligned upon the dockerin (blue). The amino acid residues responsible for
XDocCttA binding on CohG and CohE are presented in cyan and salmon sticks, respectively. (C) Magniﬁed view of the area within the black square of B. The clash between the
cohesin regions involves a single residue, where M128 of CohG overlaps with L101 of CohE, both of which form hydrophobic interactions with the same amino acids (yellow
sticks) on the dockerin.
Fig. 6. CohG is displaced by CohE from the CohG:XDocCttA complex. Microtiter
plates were coated with XDocCttA, and near-saturation levels of CBM-fused CohE or
CohG were applied. Incremental concentrations of the competing free cohesin were
then introduced, and the amount of residual CBM-fused cohesin was assessed
immunochemically using primary anti-CBM antibody. Reduced signal indicates
displacement of the cohesin from the complex. Controls, comprising the same
cohesin as that in the complex, showed no appreciable displacement.
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Cellulosomes are intricate molecular assemblies that comprise
numerous subunits and many types of interacting components
[8,34,35]. The deﬁnitive cellulosomal components are the enzymes
and non-enzymatic scaffoldins into which they are integrated, by
virtue of the complementary intermodular interaction between
the dockerins and cohesins [36]. The resultant enzyme proximity
is thought to represent one of the major contributing factors that
renders the cellulosome complex so efﬁcient in its deconstruction
of cellulosic materials [37].
Cellulosomal systems are limited to anaerobic bacteria [8].
Some of these bacteria, e.g., C. cellulolyticum and C. cellulovorans,
produce relatively simple systems, consisting of a single major pri-
mary scaffoldin that contains a multiplicity (between ﬁve and
nine) cohesin modules for incorporation of dockerin-bearing
enzymes. A second scaffoldin, containing a single cohesin is also
produced by this type of bacterium, although its exact func-
tion has not been elucidated. Other bacterial species, such as
C. thermocellum, Clostridium clariﬂavum and Acetivibrio cellulosolvens,produce much more complicated cellulosome systems, with eight
to sixteen different scaffoldins [38,39]. In these systems, the pri-
mary (enzyme-integrating) scaffoldin is accompanied by produc-
tion of other scaffoldin types that play auxiliary roles, such as
cell-anchoring and adaptor functions. Nevertheless, the role(s) of
the majority of these auxiliary scaffoldins, most of which bear only
a single cohesin, have yet to be deﬁned.
R. ﬂavefaciens strain FD-1 is a special case. It is currently the
most elaborate cellulosome system known to date, with 17 candi-
date scaffoldins and over 200 dockerin-bearing proteins (less than
half of which are known enzymes) [17,38]. Several of the major
scaffoldin-coding genes, namely scaA, scaB, scaC, cttA and scaE,
are contained within a scaffoldin gene cluster, and the proteins
they encode are central functional components of the cellulosome
system in this bacterium. It is unclear, however, what are the roles
of the other known cohesin-containing scaffoldins. Furthermore,
the structural and molecular mechanisms that govern cohesin–
dockerin interactions are of primary interest. In this context, the
crystal structures of relatively few cohesin–dockerin complexes
are known, and each additional successful structure determination
of such a complex contributes greatly to our overall knowledge of
this tenacious class of protein–protein interaction.
The salient ﬁnding of the present communication is the dispar-
ity between the binding surfaces of the standalone CohG and the
scaffoldin-borne CohE – both of which bind the XDoc modular
dyad from the CttA protein. Whereas CohE of the anchoring scaf-
foldin ScaE is responsible for cell-surface attachment of both CttA
and the major scaffoldin ScaB (which also bears a similar XDoc
modular dyad) the precise role of CohG is obscure. Why would this
protein bind to the XDoc in an alternative-binding mode, in which
only a single overlapping position is shared? Thus, only M128 of
b-strand 5 from CohG overlaps with L101 of b-strand 4 from
CohE (Fig. 5), both of which form strong hydrophobic interactions
with the same triad of dockerin residues (A133, L137 and A203)
(Fig. 5). Otherwise, the respective complement of all other inter-
face residues involved in the cohesin–dockerin binding of both
alternative-binding modes – both with respect to the dockerin
and to the two cohesins – is entirely distinct.
This near-complete segregation of binding interfaces would
therefore allow competitive interaction of the two cohesins to vie
for the respective dockerin-binding surface, even if already bound
to the competing cohesin. As conﬁrmed by biochemical evidence,
Fig. 7. Rationale for the biological function of CohG and proposed displacement mechanism. CohE is part of a cell surface-anchoring scaffoldin, while CohG is a standalone
cohesin (without additional modules or extraneous sequences) that possesses a signal peptide, and is presumably secreted outside the cell. A. When CohG (cyan) is bound to
the dockerin (blue) though helix H1 and the loop connecting helices H2–H3, helix H3 and the loop between helices H3–H4 are both available to bind to CohE (salmon).
Moreover, the dockerin is connected to both cohesins by only three common hydrophobic bonds (yellow) that may be easily replaced during possible transfer from CohG to
CohE. Thus, CohG may serve as a shuttle that protects and delivers dockerin-bearing scaffoldins (notably CttA) to the cell surface where they could then attach to CohE (B),
forming the CohE:XDocCttA complex (C). Note, that potential CohE-binding residues of the dockerin are exposed (salmon) when the dockerin is bound to CohG (in A), and the
CohG-binding residues of the dockerin remain exposed (cyan) upon binding to CohE (in C). Following exchange of the cohesins, CohG is released and recycled (D).
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displace the XDoc from the CohG–XDoc complex, but not vice
versa. One plausible consequence of this phenomenon could be
that the standalone CohG delivers an XDoc-bearing protein (i.e.,
CttA and ScaB) to the anchoring scaffoldin ScaE, whereby CohG
serves as a transient carrier in transferring the respective celluloso-
mal component to its ﬁnal destination on the cell surface (Fig. 7).
Upon release of the XDoc, CohG is recycled and available for addi-
tional interaction with free XDoc-bearing scaffoldins.
The role of selected cohesin-bearing proteins as transient
molecular shuttles has been suggested previously for
C. cellulolyticum OrfXp [40]. OrfXp appears to be a monovalent cell
surface-bound cohesin, and the chromosomes of several other
mesophilic clostridia bear a similar orfX gene. The authors specu-
lated that such a surface-associated protein could transfer free
dockerin-containing enzymes to cohesins of the primary scaffoldin,
thereby facilitating cellulosome assembly. Nevertheless, the pre-
cise role of this type of single cohesin-bearing protein has yet to
be experimentally addressed.
In contrast to the suggested involvement of OrfXp in the trans-
fer of enzymes, we propose that CohG serves as a shuttle for scaf-
foldins. Whereas the dual binding mode for the cohesins and
dockerins may provide the required level of conformational ﬂexi-
bility for cellulosome assembly, the alternative-binding modes of
CohG and ScaE may be required for trafﬁcking of nascent scaf-
foldins for cell-surface anchoring. CohG may therefore function
as a ‘‘way station’’, which protects the exposed XDoc from the
effects of environmental hazards, such as denaturation and prote-
olysis, during transfer of the parent scaffoldin to its ﬁnal location
on ScaE.The discovery of primary (enzyme-integrating) and secondary
(adaptor and anchoring) scaffoldins is expedited by the presence
of multiple cohesins and/or their relative location on the bacterial
genome. The era of genomics has substantially extended our
knowledge of the expanding numbers and diversiﬁcation of cohe-
sin and dockerin types in some cellulosome-producing species.
Through their sequences and subsequent bioinformatics analyses,
the majority of cohesins and dockerins are recognized to be of
the ‘‘classical’’ variety and are directly related to either cellulosome
assembly and/or surface attachment. Others are distinguished as
exceptional on the basis of sequence incongruities, and their func-
tions remain obscure. Deﬁnition of the possible role(s) of these
novel types of cohesins and dockerins requires oft-elusive experi-
mental evidence. Each newly described cohesin–dockerin interface
allows us to develop increased understanding of these interactions
on the molecular level and ultimately the complexity of cellulo-
some assembly and function.
Acknowledgments
The authors thank the ESRF for synchrotron beam time and the
staff scientists of the ID29 station for their assistance. This research
was supported by the Israel Science Foundation (ISF; Grant Nos.
445293/08 to FF and 1349/13 to EAB). Additional support was
obtained by a Grant (No. 24/11) issued to RL by The Sidney
E. Frank Foundation through the ISF, Israel Science Foundation –
Israel. A Grant was awarded to EAB from the F. Warren Hellman
Grant for Alternative Energy Research in Israel in support of alter-
native energy research in Israel administered by the Israel Strategic
Alternative Energy Foundation (I-SAEF). This research was also
1576 M. Voronov-Goldman et al. / FEBS Letters 589 (2015) 1569–1576supported by the establishment of an Israeli Center of Research
Excellence (I-CORE Center No. 152/11, EAB) managed by the
Israel Science Foundation, from the United States-Israel
Binational Science Foundation (BSF), Jerusalem, Israel, by the
Weizmann Institute of Science Alternative Energy Research
Initiative (AERI) and the Helmsley Foundation, and a Grant to
EAB and RL from the Israel Ministry of Science (IMOS). EAB also
appreciates the support of the European Union, Area
NMP.2013.1.1-2: Self-assembly of naturally occurring nanosys-
tems: CellulosomePlus Project number: 604530 and an ERA-IB
Consortium (EIB.12.022), acronym FiberFuel. EAB is the incumbent
of The Maynard I. and Elaine Wishner Chair of Bio-organic
Chemistry.
References
[1] Slyter, L.L. and Weaver, J.M. (1969) Growth factor requirements of
Ruminococcus ﬂavefaciens isolated from the rumen of cattle fed puriﬁed
diets. Appl. Microbiol. 17, 737–741.
[2] Jami, E., Israel, A., Kotser, A. and Mizrahi, I. (2013) Exploring the bovine rumen
bacterial community from birth to adulthood. ISME J. 7, 1069–1079.
[3] Jindou, S. et al. (2006) Conservation and divergence in cellulosome
architecture between two strains of Ruminococcus ﬂavefaciens. J. Bacteriol.
188, 7971–7976.
[4] Jindou, S. et al. (2008) Cellulosome gene cluster analysis for gauging the
diversity of the ruminal cellulolytic bacterium Ruminococcus ﬂavefaciens. FEMS
Microbiol. Lett. 285, 188–194.
[5] Bayer, E.A. and Lamed, R. (1986) Ultrastructure of the cell surface cellulosome
of Clostridium thermocellum and its interaction with cellulose. J. Bacteriol. 167,
828–836.
[6] Lamed, R., Setter, E. and Bayer, E.A. (1983) Characterization of a cellulose-
binding, cellulase-containing complex in Clostridium thermocellum. J. Bacteriol.
156, 828–836.
[7] Bayer, E.A., Belaich, J.-P., Shoham, Y. and Lamed, R. (2004) The cellulosomes:
multi-enzyme machines for degradation of plant cell wall polysaccharides.
Annu. Rev. Microbiol. 58, 521–554.
[8] Bayer, E.A., Lamed, R., White, B.A. and Flint, H.J. (2008) From cellulosomes to
cellulosomics. Chem. Rec. 8, 364–377.
[9] Fontes, C.M. and Gilbert, H.J. (2010) Cellulosomes: highly efﬁcient
nanomachines designed to deconstruct plant cell wall complex
carbohydrates. Annu. Rev. Biochem. 79, 655–681.
[10] Rincon, M.T., Cepeljnik, T., Martin, J.C., Barak, Y., Lamed, R., Bayer, E.A. and
Flint, H.J. (2007) A novel cell surface-anchored cellulose-binding protein
encoded by the sca gene cluster of Ruminococcus ﬂavefaciens. J. Biotechnol.
189, 4774–4783.
[11] Smith, S.P. and Bayer, E.A. (2013) Insights into cellulosome assembly and
dynamics: from dissection to reconstruction of the supramolecular enzyme
complex. Curr. Opin. Struct. Biol. 23, 686–694.
[12] Adams, J.J., Pal, G., Jia, Z. and Smith, S.P. (2006) Mechanism of bacterial cell-
surface attachment revealed by the structure of cellulosomal type II cohesin–
dockerin complex. Proc. Natl. Acad. Sci. U.S.A. 103, 305–310.
[13] Bras, J.L. et al. (2012) Novel Clostridium thermocellum type I cohesin–dockerin
complexes reveal a single binding mode. J. Biol. Chem. 287, 44394–44405.
[14] Carvalho, A.L. et al. (2003) Cellulosome assembly revealed by the crystal
structure of the cohesin–dockerin complex. Proc. Natl. Acad. Sci. U.S.A. 100,
13809–13814.
[15] Salama-Alber, O. et al. (2013) Atypical cohesin–dockerin complex responsible
for cell surface attachment of cellulosomal components: binding ﬁdelity,
promiscuity, and structural buttresses. J. Biol. Chem. 288, 16827–16838.
[16] Pinheiro, B.A. et al. (2008) The Clostridium cellulolyticum dockerin displays a
dual binding mode for its cohesin partner. J. Biol. Chem. 283, 18422–18430.[17] Rincon, M.T. et al. (2010) Abundance and diversity of dockerin-containing
proteins in the ﬁber-degrading rumen bacterium, Ruminococcus ﬂavefaciens
FD-1. PLoS One 5, e12476.
[18] Navarre, W.W. and Schneewind, O. (1994) Proteolytic cleavage and cell wall
anchoring at the LPXTG motif of surface proteins in gram-positive bacteria.
Mol. Microbiol. 14, 115–121.
[19] Rincon, M.T., Cepeljnik, T., Martin, J.C., Lamed, R., Barak, Y., Bayer, E.A. and
Flint, H.J. (2005) Unconventional mode of attachment of the Ruminococcus
ﬂavefaciens cellulosome to the cell surface. J. Bacteriol. 187, 7569–7578.
[20] Levy-Assaraf, M. et al. (2013) Crystal structure of an uncommon cellulosome-
related protein module from Ruminococcus ﬂavefaciens that resembles papain-
like cysteine peptidases. PLoS One 8, e56138.
[21] Schoeler, C. et al. (2014) Ultrastable cellulosome–adhesion complex tightens
under load. Nat. Commun. 5, 5635.
[22] Voronov-Goldman, M. et al. (2014) Structural characterization of a novel
autonomous cohesin from Ruminococcus ﬂavefaciens. Acta Crystallogr. F 70,
450–456.
[23] Salama-Alber, O., Gat, Y., Lamed, R., Shimon, L.J., Bayer, E.A. and Frolow, F.
(2012) Crystallization and preliminary X-ray characterization of a type III
cohesin–dockerin complex from the cellulosome system of Ruminococcus
ﬂavefaciens. Acta Crystallogr. F 68, 1116–1119.
[24] Van Duyne, G.D., Standaert, R.F., Karplus, P.A., Schreiber, S.L. and Clardy, J.
(1993) Atomic structures of the human immunophilin FKBP-12 complexes
with FK506 and rapamycin. J. Mol. Biol. 229, 105–124.
[25] Orosz, F. and Ovadi, J. (2002) A simple method for the determination of
dissociation constants by displacement ELISA. J. Immunol. Methods 270, 155–
162.
[26] McPherson, A. (1982) Preparation and Analysis of Protein Crystals, John Wiley
& Sons, New York.
[27] Vagin, A. and Teplyakov, A. (1997) MOLREP: an automated program for
molecular replacement. J. Appl. Crystallogr. 30, 1022–1025.
[28] Winn, M.D. et al. (2011) Overview of the CCP4 suite and current
developments. Acta Crystallogr. D 67, 235–242.
[29] Emsley, P., Lohkamp, B., Scott, W.G. and Cowtan, K. (2010) Features and
development of Coot. Acta Crystallogr. D 66, 486–501.
[30] Perrakis, A., Morris, R. and Lamzin, V.S. (1999) Automated protein model
building combined with iterative structure reﬁnement. Nat. Struct. Biol. 6,
458–463.
[31] Adams, P.D. et al. (2010) PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr. D 66, 213–221.
[32] Chen, V.B. et al. (2010) MolProbity: all-atom structure validation for
macromolecular crystallography. Acta Crystallogr. D 66, 12–21.
[33] Krissinel, E. and Henrick, K. (2007) Inference of macromolecular assemblies
from crystalline state. J. Mol. Biol. 372, 774–797.
[34] Bayer, E.A., Chanzy, H., Lamed, R. and Shoham, Y. (1998) Cellulose, cellulases
and cellulosomes. Curr. Opin. Struct. Biol. 8, 548–557.
[35] Lamed, R. and Bayer, E.A. (1988) The cellulosome of Clostridium thermocellum.
Adv. Appl. Microbiol. 33, 1–46.
[36] Bayer, E.A., Morag, E. and Lamed, R. (1994) The cellulosome – a treasure-trove
for biotechnology. Trends Biotechnol. 12, 379–386.
[37] Fierobe, H.-P. et al. (2005) Action of designer cellulosomes on homogeneous
versus complex substrates: controlled incorporation of three distinct enzymes
into a deﬁned tri-functional scaffoldin. J. Biol. Chem. 280, 16325–16334.
[38] Artzi, L., Dassa, B., Borovok, I., Shamshoum, M., Lamed, R. and Bayer, E.A.
(2014) Cellulosomics of the cellulolytic thermophile Clostridium clariﬂavum.
Biotechnol. Biofuels 7, 100.
[39] Dassa, B. et al. (2012) Genome-wide analysis of Acetivibrio cellulolyticus
provides a blueprint of an elaborate cellulosome system. BMC Genomics 13,
210.
[40] Pagès, S., Belaich, A., Fierobe, H.-P., Tardif, C., Gaudin, C. and Belaich, J.-P.
(1999) Sequence analysis of scaffolding protein CipC and ORFXp, a new
cohesin-containing protein in Clostridium cellulolyticum: comparison of
various cohesin domains and subcellular localization of ORFXp. J. Bacteriol.
181, 1801–1810.
